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Abstract 
Background 
Although the potential of biomarkers to aid in early detection of colorectal cancer (CRC) is 
recognized and numerous biomarker candidates have been reported in the literature, to date 
only few molecular markers have been approved for daily clinical use. 
Methods 
In order to improve the translation of biomarkers from the bench to clinical practice we 
initiated a biomarker study focusing on a novel technique, the proximity extension assay, 
with multiplexing capability and the possible additive effect obtained from biomarker panels. 
We performed a screening of 74 different biomarkers in plasma derived from a case–control 
sample set consisting of symptomatic individuals representing CRC patients, patients with 
adenoma, patients with non-neoplastic large bowel diseases and healthy individuals. 
Results 
After statistical evaluation we found 12 significant indicators of CRC and the receiver 
operating characteristic (ROC) curve of Carcinoembryonic antigen (CEA), Transferrin 
Receptor-1 (TFRC), Macrophage migration inhibitory factor (MIF), Osteopontin 
(OPN/SPP1) and cancer antigen 242 (CA242) showed additive effect. This biomarker panel 
identified CRC patients with a sensitivity of 56% at 90% specificity and thus the performance 
is sufficiently high to further investigate this combination of five proteins as serological 
biomarkers for detection of CRC. Furthermore, when applying the indicators to identify 
early-stage CRC a combination of CEA, TFRC and CA242 resulted in a ROC curve with an 
area under the curve of 0.861. 
Conclusions 
Five plasma protein biomarkers were found to be potential CRC discriminators and three of 
these were additionally found to be discriminators of early-stage CRC. These explorative data 
in symptomatic individuals demonstrates the feasibility of the multiplex proximity extension 
assay for screening of potential serological protein biomarkers and warrants independent 
analyses in a larger sample cohort, including asymptomatic individuals, to further validate the 
performances of our CRC biomarker panel. 
Keywords 
Colorectal cancer, Plasma, Biomarkers, Proximity ligation assay, Proximity extension assay 
Introduction 
Colorectal cancer (CRC) accounts for 608,700 deaths per year worldwide [1] which makes it 
one of the most common causes of cancer related deaths. Randomized clinical trials have 
demonstrated the value of population-based screening to reduce CRC-related mortality. In 
part, this can be ascribed to the detection of early-stage CRC with provision of timely 
treatment [2-4]. Therefore, there is a strong interest in the identification and clinical 
validation of new CRC biomarkers to be used for early detection of this disease. 
Modalities as the Faecal Occult Blood Test (FOBT) and stool DNA (sDNA) tests are 
presently the only approved non-invasive screening tests available for detection of CRC in 
asymptomatic individuals. The performances of these tests have varied [4-6] and there is an 
immense problem with compliance [7,8]. In the results of a Danish study it was demonstrated 
that ≥60% compliance is a prerequisite in order to obtain successful effect of the screening 
[9]. A similar compliance problem in symptomatic individuals is not observed when using 
serological tests where the compliance is over 90% [10]. One potential serological CRC 
screening test is the Septin 9 (SEPT9) methylated DNA test which has demonstrated good 
test performance in a prospective screening study including nearly 8,000 asymptomatic 
individuals. However, the SEPT9 test still leaves about 33% of cancer patients undetected 
while the false-positive rate is 12% [11]. Furthermore, the technical platform could be 
improved as the SEPT9 test requires a large volume of plasma per test. 
We addressed the clinical needs for a blood-based test by initiating a protein biomarker study 
evaluating 74 different protein biomarkers in plasma samples from case–control patient 
material consisting of symptomatic individuals represented by CRC patients, adenoma 
patients, patients with non-neoplastic large bowel diseases and healthy individuals. Presently, 
patients both with adenoma and CRC need further examination using endoscopy in order to 
evaluate the pathology of the neoplasm. Hence, it is not as important to discriminate between 
these two groups if the aim is to develop a pre-colonoscopy screening test. However, it is a 
technical challenge to measure proteins in plasma due to their biological complexity and a 
wide range in protein concentrations [12,13], a problem that is reflected in the general 
absence of serological CRC screening protein biomarkers being implemented in clinical 
settings [14,15]. Furthermore, in order to increase the success rate of a potential blood-based 
test, we found inspiration in a number of studies which demonstrated that higher 
discrimination power could be obtained by combining biomarkers [16-18]. However, aiming 
for a panel of biomarkers for a final test requires an assay with multiplexing capability, but 
without loss of technical sensitivity and specificity [19]. Moreover, low sample consumption 
and good assay performance in general is needed in order to facilitate high quality biomarker 
studies. We addressed these technical issues by applying the novel proximity extension assay 
(PEA) which is an improved version of a biomarker discovery tool with assay performance 
superior to the related Proximity Ligation Assay (PLA) in plasma samples [19]. 
To investigate the reason for the additive effect of our biomarker panel we evaluated the 
independence among the potential biomarkers as well as exploring their biological 
associations and interactions by performing network and pathway analysis. 
In this study, we applied the novel PEA technique to identify five serological proteins that 
could discriminate between patients with colorectal neoplasias and control groups of healthy 
individuals and patients with other diseases. Furthermore, by focusing on the early stages of 
CRC in the statistical evaluation, we identified three proteins that are potential candidate 
biomarkers for early detection of CRC. 
Materials and methods 
Subjects and study design 
Blood samples were obtained prospectively and consecutively prior to examination from 
individuals (aged 18+ years) undergoing sigmoidoscopy or colonoscopy, either following 
symptoms consistent with CRC or patients attending surveillance programs due to hereditary 
CRC (HNPCC and FAP). The study period was from 2003 to 2005 and samples were 
collected at six different centers in Denmark [10]. The case control study in the present 
manuscript is based on 4990 eligible individuals (including individuals with hereditary 
disposition, HNPCC or FAP) with 304 colorectal cancers (189 colon cancers and 115 rectal 
cancers, TNM stage I (n = 46), stage II (n = 88), stage III (n = 71) and stage IV (n = 72), 
remaining not staged), 10 other cancers, 923 adenomas, 1217 with non-neoplastic findings 
and 2536 with no findings [20]. According to the Helsinki II Declaration oral and written 
informed consent was obtained from each individual and the study was approved by The 
Regional Ethical Committee of Copenhagen and Frederiksberg, Denmark (KF 01-080/03). 
Subjects previously diagnosed with CRC and subjects unable to give informed consent were 
excluded from the study. Based on this study population, a case–control study was designed 
including 280 individuals representing four diagnostic groups of subjects. This study 
population was selected to test the potential of a panel of serological biomarkers to be used to 
detect CRC. First, 70 subjects with pathologically verified colorectal adenocarcinomas (25% 
rectal cancer and 75% colon cancer) were selected at random and subsequently, for each of 
these, a subject with histologically verified adenomatous changes (adenoma patients, n = 70) 
was randomly selected matching for age, gender and localization of the pathological finding. 
Then subjects with non-neoplasticlarge bowel disease (other diseases, n = 70) were randomly 
selected and matched as described for the adenomas, and lastly, subjects with no pathological 
findings by endoscopy and/or self-reported diseases or intake of medication (healthy 
individuals, n = 70) were selected in the same manner. The healthy individuals were 
characterized based on pre-endoscopy interview, data files from previous visits and results 
from colonoscopy/sigmoidoscopy as well as subsequent follow-up in persons with continuing 
symptoms as well. Individuals with other cancers were excluded from the group of healthy 
individuals. It appeared that three CRC patients, one adenoma patient and two patients with 
other diseases had a previous diagnosis of cancer (not CRC). These patients were included in 
the respective groups. The main clinical characteristics of subjects included in the study, 
except healthy individuals, are presented in Table 1. 
Table 1 Patient characteristics 
Colorectal cancer patients Patients with other disease Adenoma patients 
  Subjects, n 
(%) 
 Subjects, n 
(%) 
 Subjects, n 
(%) 
Gender 
  Female  36 (51)  36 (51)  36 (51) 
  Male  34 (49)  34 (49)  34 (49) 
Age group 
  40-49  3 (4)  3 (4)  3 (4) 
  50-59  7 (10)  7 (10)  7 (10) 
  60-69  16 (23)  16 (23)  16 (23) 
  70-79  24 (34)  24 (34)  24 (34) 
  80-99  20 (29)  20 (29)  20 (29) 
     Adenoma 3 (4) 
Cancer stage     Adenomateous 
lesion 
1 (1) 
TNM AJCC    Serrated 
adenoma 
1 (1) 
  T1, T2-N0-
M0 
I 7 (10) Diverticular disease of 
colon NOS* 
62 (89) Mucous 
membrane 
1 (1) 
  T3-N0-M0/ 
T4-N0-M0 
II 29 (41) Diverticular disease of 
small intestine NOS* 
3 (4) Tubulovillous 15 (21) 
  T1, T2-N1-
M0/ T3, T4-N1-
M0 
III 15 (21) Colitis NOS* 1 (1) Tubular 40 (57) 
  Any T-N2-
M0/ Any T-Any 
N-M1 
IV 14 (20) Internal hemorrhoids 
NOS* 
3 (4) Villous 1 (1) 
  Not specified NOS* 5 (7) Haemorrhoids NOS* 1 (1) NOS* 8 (11) 
*NOS: Not otherwise specified. 
Demonstrating the distribution of the different stages of cancer, the different types of diseases 
included in the group of patients with other diseases and the different types of adenomas 
included in the group of adenoma patients. 
Specimen characteristics 
All blood samples were collected prior to large bowel endoscopy and consecutively 
according to a standard operating procedure (SOP) securing a high degree of uniformity 
among samples [21]. The plasma samples were prepared by collecting blood in EDTA tubes 
and placed on ice immediately after sampling. The samples were then centrifuged at 2500 g 
for 10 min at 4°C. After centrifugation the plasma was aspirated, aliquoted to new tubes and 
immediately hereafter stored at −80°C. From previous publications we found that more than 
six cycles of freeze-thaw could influence the data [22,23]. CEA and CA125 are more readily 
affected by long‐term frozen storage compared with frequent freezing–thawing [24] while 
such information is not yet available on CA242, TRFC, MIF, and OPN. Therefore, the 
samples used in the present study had undergone from one to four freeze-thaw cycles before 
analysis. 
Methods used for the preclinical exploratory study 
The putative biomarkers were carefully selected for the biomarker screening by thorough 
literature searches exploiting databases as e.g. PubMed®, MEDLINE®, Google scholar®, 
UniProt®, GeneCards® and The human protein atlas (proteinatlas.org) [25]. The primary 
criteria included in the searches were proteins present in pathways involved in CRC, proteins 
involved in inflammation and cancer, proteins found in biomarker screening studies of CRC 
tumor tissue and general cancer markers. The different titles and abbreviations for each 
protein were carefully assessed. The technical construction of the assays was added to the 
criteria, as availability of appropriate antibodies for the proximity probes was needed. We 
applied the proximity extension assay (PEA), since its assay performance is superior to PLA 
when analyzing plasma samples [19]. In the present study, PEAs were constructed for the 74 
different targets and an assay validation was performed with a focus on utilizing the PEA as a 
biomarker discovery tool. 
Assay methods in the assay validation study 
Proximity probe preparation 
The proximity probes in the 24-plex PEA setup were prepared by linking either pairs of 
matched monoclonal antibodies, or a single batch of affinity purified polyclonal antibody 
split in two, to either a 3′-hydroxyl free or a 5′-phosphate free 40-mer oligonucleotide 
(Additional file 1: Table S1 and Table S2). The proximity probes were generated by Innova 
Biosciences (Cambridge, UK) using their Lightning-LinkTM technology. Conjugation 
quality was analyzed by SDS-PAGE (data not shown). The 3′-hydroxyl or 5′-phosphate free 
oligonucleotides both comprise a unique flanking 20-bp sequence for primer binding during 
PCR and qPCR as well as a universal 20-bp sequence. Extension oligonucleotides contained 
a 40-bp sequence complimentary to each of the 5′ free oligonucleotides. In addition, each 
extension oligonucleotide contained a 16-bp universal sequence used to hybridize to the 
corresponding 3′ free oligonucleotide and unite the two oligonucleotides, and to generate a 
central 26 bp binding site for a Molecular Beacon. The hybridization was performed at room 
temperature for 20 min in a 4:1 oligo-to-probe ratio. The basic PEA protocol was performed 
by mixing 1 µL of PBS + 0.1% BSA ± antigen spike-in (antigens listed in Additional file 1: 
Table S3) or human EDTA plasma with 0.64 µL Probe mix [50 pM of each PEA probe pair, 
internal control standard spike-in mix (green fluorescent protein (GFP) (Vector Laboratories, 
USA) and extension oligonucleotide)] and 2.36 µL plasma dilution (Olink Bioscience, 
Sweden). The mix was incubated at 4°C overnight. Afterwards, tubes containing the 4 µL 
probed samples were transferred to a thermal cycler set at 37°C and 76 µL pre-extension mix 
(Olink Bioscience) was added, followed by incubation at 37°C for 5 min. Immediately after, 
20 µl extension mix (Olink Bioscience) was added and the extension reactions were then run 
at 37°C for 20 min followed by a 10-min heat inactivation step at 80°C. 
PEA was performed in multiplex using a 24-plex panel. All steps were performed as above, 
but using a set of the 24 unique probe oligo pairs, the 24 corresponding pre-amplification 
primers and the 24 unique primer pairs for qPCR detection. In the qPCR a universal 
Molecular Beacon (FAM-
CCCGCTCGCTTATGCTACCGTGACCTGCGAATCCCGAGCGGG-DABSYL, Biomers) 
was used as detection system. 
Screening procedure 
Pre-amplification – was performed in PCR plates. A total volume of 25 µl by mixing 20 µl of 
the ligated product with 5 µL PCR mix [1x PCR buffer (Invitrogen, Denmark), 15 mM 
MgCl2 (Invitrogen), 1 mM dNTP (Invitrogen), 0.2 µM of each forward and reverse pre-
amplification primer (Additional file 1: Table S2), and 7.5 units Platinum Taq polymerase 
(Invitrogen)], using the same amplification protocol as previously described [25]. Prior to 
qPCR, the products were diluted 5-fold in 1x Tris-EDTA buffer. 
Detection by real-time quantitative PCR – Prior to qPCR an incubation step was performed to 
digest any leftover pre-amplification primers in the solution. The diluted DNA products were 
transferred to a PCR plate and mixed with 1.4x Fast Universal Master Mix (Applied 
Biosystems), dH2O and 0.05 units of uracil-DNA excision mix (Epicenter) and then 
incubated for 30 min at 37°C. The qPCR detection was performed on either an ABI 9700 HT 
Fast (Applied Biosystems) instrument or the BioMarkTM micro fluidic system (Fluidigm). 
Four µl of each pre-amplification product were transferred to a qPCR plate and mixed with 6 
µl qPCR mix [25 mM Tris–HCl, 7.5 mM magnesium chloride, 50 mM potassium chloride, 
8.3 mM ammonium sulfate, 8.3% Trehalose (Acros Organics), 333 µM (each) dNTP’s, 1.67 
mM dithiothreitol, 833 nM of each primer (Additional file 1: Table S2), 417 nM Molecular 
Beacon (Biomers), 41.7 U/ml recombinant Taq polymerase (Fermentas) and 1.33 µM ROX 
reference (ROX-TTTTTTT, Biomers)]. The thermal cycler program was two-step with initial 
denaturation at 95°C for 5 min, followed by 15 s denaturation at 95°C; and 1 min 
annealing/extension at 60°C for 45 cycles. 
Implementation procedure 
Pre-amplification – was performed in a total volume of 25 µl by mixing 20 µl of the ligated 
product with 5 µL PCR mix [1x PCR buffer (Invitrogen, Denmark), 15 mM MgCl2 
(Invitrogen), 1 mM dNTP (Invitrogen), 0.2 µM of each forward and reverse pre-amplification 
primer (Additional file 1: Table S2), and 7.5 units Platinum Taq polymerase (Invitrogen)], 
using the same amplification protocol as previously described [25]. Prior to qPCR, the 
products were diluted 5-fold in 1x Tris-EDTA buffer. 
Detection by real-time quantitative PCR – Prior to qPCR an incubation step was performed to 
digest remaining pre-amplification primers in the solution. Ten µl of the 2-fold diluted DNA 
product was mixed with 10 µl 1.4x Fast Universal Master Mix (Applied Biosystems), dH2O 
including 0.05 units of uracil-DNA excision mix (Epicenter) and then incubated for 30 min at 
37°C. Afterwards, each sample mix was further diluted by adding 80 µl Tris-EDTA buffer. 
The qPCR detection was performed on a 384-well format using the LightCycler 480. Four µl 
of each diluted pre-amplification product were transferred to a well in the 384-plate and 
mixed with 6 µl qPCR mix. Again, the thermal cycler program was 95°C for 5 min, followed 
by 15 s denaturation at 95°C; and 1 min annealing/extension at 60°C for 45 cycles. 
Preparation of internal standards, standard curves, and samples for recovery 
studies 
For internal control standard we used recombinant GFP (Vector Laboratories) which was 
spiked in the spike-in mix (Olink Bioscience) and thereby added to all sample incubations. 
GFP was diluted in PBS + 0.1% BSA (Calbiochem/Merck) to a final concentration of 10 nM. 
When analyzing qPCR data it is important to consider the scale of the Ct values. Differences 
of 1 Ct is similar to a two-fold difference on a linear scale, and a higher Ct value indicates 
lower concentration. To convert the Ct-values to a linear scale, we used the formula 2(40-Ct). 
These linearized data were then normalized to the internal control GFP by dividing each 
biomarker value of one sample with the value for GFP for this sample. This first 
normalization reduces the technical variation and improves the data quality significantly. To 
compensate for shifts in the different runs, we also normalized between each qPCR run (total 
of three chips). By assuming that such a large sample set will have the same expected 
median, we divided each assay with the median value for all samples on that chip. The result 
of this second normalization was that we reduce variability introduced between qPCR runs. 
Together with a buffer control a spike-in of recombinant protein mix (each 200 pM) PBS + 
0.1% BSA was added to each qPCR plate. 
Correlations 
In order to evaluate the PEA, data were correlated with previously obtained ELISA data [25] 
utilizing three commercially available ELISAs for quantification (Carcinoembryonic antigen-
related cell adhesion molecule 5 (CEA), Interleukin-8 (IL-8) and cancer antigen 242 
(CA242)) and an in-house validated ELISA for TIMP-1 [26]. Results were obtained from the 
sample cohort of healthy individuals and CRC patients. Furthermore, PLA data from a 
previous run [25] were used to evaluate the PEA assay performance. Pearson correlation 
between PLA and PEA data was calculated and the Pearson correlation value (R) presented. 
Logarithmic PLA values were linearized 2(35-Ct) and normalized with GFP prior to 
comparison to the ELISA values. Logarithmic PEA values were normalized against both the 
median for each assay and GFP and linearized 2(35-Ct) prior to comparison to ELISA values. 
Statistical analysis 
Candidate markers for analysis were selected from the available molecular markers choosing 
those with p-values less than 0.001 (Type III) when comparing the patient groups using a 
linear model with repeated measures (cases). The chosen markers were then analyzed by 
logistic regression analysis adjusting for the case–control design with CRC versus adenomas, 
non-neoplasticdisease and healthy individuals. The probability of CRC was modeled. Each 
chosen marker was entered by the actual normalized value. Univariate analysis was 
performed for each marker and a multivariate model was identified retaining markers which 
were statistically significant. The results are presented by the odds ratio (OR) with 95% 
confidence interval (CI). Sensitivity and specificity were calculated for each marker and the 
linear combination was used for the multivariate model. In addition, ROC curves were 
generated and the area under the curve (AUC) was calculated. Subset analyses of CRC 
restricted to TNM stages I and II as well as comparison of adenomas to non-neoplastic and 
healthy subjects were performed. Cross-validation methods were used to assess the chosen 
models. P-values less than 5% were considered significant. All calculations were performed 
using SAS (v9.2, SAS Institute, Cary, N.C., USA). 
Functional analysis in silico 
Independence among biomarkers has shown to increase the additive effects of a panel of 
biomarkers [16-18]. In order to investigate the biological association between the top hit of 
our interesting biomarkers, we initiated a focused bioinformatics evaluation. Functional 
analysis of the four proteins of interest was performed by using IPA (Ingenuity® Systems, 
www.ingenuity.com). The protein identifiers for CEA, Transferrin Receptor protein 1 
(TFRC), Macrophage migration inhibitory factor (MIF) and Osteopontin (OPN/SPP1) were 
uploaded to the application. The functional analysis identified the biological functions and 
diseases that were most significant to the four genes in the Ingenuity Knowledge Base. Right-
tailed Fisher’s Exact Test was used to calculate a p-value determining the probability that 
each biological function and disease assigned to that data set is due to chance alone. 
Assay exportation, implementation and validation 
We exported the PEA technology from Olink Bioscience, Uppsala, Sweden to the University 
of Copenhagen, Copenhagen, Denmark and performed validation of the candidate biomarker 
assays. Sensitivity, specificity and linearity of signal were assessed by spike-in of 
recombinant protein in PBS + 0.1% BSA buffer in a range of 0.01 – 10,000 pM and standard 
curves. The specificity of each assay was assessed in PBS + 0.1% BSA by using different 
antigen mixes with or without the specific antigen present. Standard curves for three different 
specific mixes and one unspecific mix were assessed for each assay. The overview and 
composition of the different mixes are illustrated in (Additional file 1: Table S4). 
Contamination of the TIMP-1 PEA probe led us to exclude this assay from the validation 
process. No suitable commercially available CA242 and Cancer antigen 19–9 (CA19-9) 
recombinant proteins were available and therefore linearity in buffer and recovery could not 
be assessed for these assays. Intra- and inter-assay variations were calculated for the GFP 
control by calculating the standard deviation between GFP measurements within one plate 
and among plates (assays performed at University of Copenhagen). Linearity in CRC plasma 
was investigated for all assays by performing a 10-fold dilution in the range of undiluted to 
10,000 times dilution. 
Recovery studies were made in PBS + 0.1% BSA (expected) and human control plasma 
(measured) and the biological background cross-reactivity was assessed in chicken plasma 
(GeneTex, Cat.no. GTX73211). Recombinant proteins were spiked in PBS + 0.1% BSA or 
human control plasma in the range of 10, 100 and 500 pM. To assess the recovery, the Cp-
values were linearized by the formula 2(40-Cp) and then assessed by calculating the background 
= buffer + buffer with spike-in; the expected value = control plasma + background giving 
recovery	% 


 100 . The recovery was evaluated for nine assays for which 
recombinant proteins were available; the recovery was calculated for all spike-in 
concentrations and a range of these were then presented as the recovery. 
Results 
Assay optimization from PLA to PEA 
To improve the assay performance and to overcome plasma inhibition of the ligase in the 
PLA protocol, the linkage between the two proximity probes was changed to an extension 
after hybridization of an extension oligonucleotide (PEA) [19]. We examined how PEA 
compared to previous ELISA data and, overall, the PEA data showed improved correlation to 
the ELISA data in comparison to the correlation between PLA and ELISA (performed in a 
previous study [25]). These results were calculated on the basis of ELISA, PLA and PEA 
measurements of the level of the specific markers in plasma from healthy individuals (n = 70) 
and CRC patients (n = 70). This was performed in order to complete an assessment of the 
newer techniques in comparison to the gold-standard, ELISA (Additional file 1: Table S5). 
Investigation of the PEA performance in comparison to the PLA was performed as χ2 statistic 
for the PLA and PEA covariates from the multivariate logistic regression analysis for each 
biomarker. The χ2 statistic shows a larger value for the PEA in all cases demonstrating that 
the PEA covariate is the best discriminator of CRC. In order to examine the relationship 
between PLA and PEA we performed a Pearson correlation between each biomarker entering 
either PLA or PEA. The Pearson correlation coefficients demonstrated a substantial 
association between PLA and PEA levels (Additional file 1: Table S6). Univariate analysis 
for each biomarker entering either the PLA or the PEA value also shows that the PEA 
covariate yields the best model fit (data not shown) for each tested biomarker. 
Statistical evaluation of potential colorectal neoplasm biomarkers 
A total of 74 different biomarkers were analyzed in the 4 x 70 human plasma samples 
(Additional file 1: Table S1). Twelve biomarkers discriminated between CRC patients and 
healthy individuals in a univariate analysis (P < 0.001) (Table 2). These 12 protein 
biomarkers were included in a multivariate analysis to evaluate their statistical association. 
This analysis demonstrated that 5 of the 12 different proteins significantly identified CRC 
from the control groups; CEA (P = 0.0003), TFRC (P = 0.0007), MIF (P = 0.0068), 
OPN/SPP1 (P = 0.0200) and CA242 (P = 0.0090) (Table 2). The AUC for the individual 
proteins ranged from 0.658 to 0.731 and sensitivities were: CEA 46%, TFRC 34%, MIF 38%, 
OPN/SPP1 38% and CA242 39% at 90% specificity (Figure 1). Estimating ROC curves from 
this conditional logistic regression analysis illustrated that the five CRC discriminators (CEA, 
TFRC, MIF, OPN/SPP1 and CA242) had an additive effect, as their combined curve 
demonstrated an increase in AUC with a sensitivity of 56% at 90% specificity. Additional, 
we investigated the Pearson correlation coefficients between the 12 potential CRC 
biomarkers, which were selected on a basis of 0.01% discrimination, in order to investigate 
the association among the markers. The association intervals (R’s) for the five potential 
biomarkers were; TFRC (0.05 – 0.40), MIF (0.05 – 0.81), CEA (0.19 – 0.41), CA242 (0.07 – 
0.61) and OPN (0.07 – 0.50). The association among the five markers was in the lower range. 
Markers with a strong correlation would likely not be independent in multivariate analysis 
(Additional file 1: Table S7). 
Table 2 Uni- and multivariate statistical analyses of the 12 potential screening markers 
selected on the basis of a 0.01% discrimination 
Univariate analysis Multivariate analysis 
TNMI-IV (N = 70 versus 210) Adenoma (N = 70 
versus 140) 
TNMI-IVa (N = 70 
versus 210) 
TNMI-IIb (N = 36 
versus 108) 
 Odds Ratio 
(95% CI) 
P Odds Ratio 
(95% CI) 
P Odds Ratio 
(95% CI) 
*P Odds Ratio 
(95% CI) 
P 
CEA 2.2 (1.7-2.9) <0.001 1.2 (0.9-1.7) 0.2600 1.8 (1.3-2.4) 0.0003 2.0 (1.3-3.0) 0.0007 
TFRC 2.8 (1.9-4.2) <0.001 1.0 (0.7-1.5) 0.9600 2.7 (1.5-4.8) 0.0007 2.1 (1.1-4.1) 0.0303 
CA242 2.2 (1.7-3.0) <0.001 1.0 (0.7-1.3) 0.7700 1.6 (1.1-2.3) 0.0090 1.8 (1.1-3.0) 0.0311 
OPN/ 
SPP1 
13.4 (4.6-
39.0) 
<0.001 1.7 (0.7-4.2) 0.2200 5.5 (1.3-23.1) 0.0200   
MIF 3.0 (1.8-5.1) <0.001 1.6 (1.0-2.5) 0.0400 2.6 (1.3-5.1) 0.0068   
NSE 2.0 (1.4-2.8) 0,0001 1.5 (1.1-2.2) 0.0240  0.6000   
CA19-9 1.5 (1.2-1.8) <0.001 1.1 (0.9-1.3) 0.4500  0.5900   
DcR3 1.7 (1.3-2.7) 0.0005 1.3 (1.0-1.8) 0.1100  0.6500   
IL8 2.4 (1.7-3.5) <0.001 1.2 (0.9-1.7) 0.2700  0.1500   
S100A8 4.9 (2.3-10.4) <0.001 1.4 (0.7-2.7) 0.3300  0.8600   
TIMP1 2.4 (1.6-3.5) <0.001 1.3 (0.9-1.9) 0.1300  0.1700   
TFF3 2.2 (1.5-3.1) <0.001 1.0 (0.7-1.3) 0.8100  0.3500   
*P-value to include in final model. a Including all CRC stages (TNMI-VI) in a conditional 
logistic regression model; b Including only the early CRC stages (TNMI-II) in a conditional 
logistic regression model. 
Univariate analyses of the markers as discriminators of TNM stage I-IV demonstrate that all 
markers can discriminate CRC (n = 70) from the three control groups (n = 210). When 
including these markers in a multivariate analysis we find that five markers are still 
discriminators of CRC (n = 70). Including only CRC TNM I-II patients in the multivariate 
analysis we find that three markers are continuously discriminators of CRC. Univariate 
analyses of the markers as discriminators of adenomatous disease demonstrate that only one 
marker (NSE) is discriminator of adenoma (n = 70) and the two control groups, patients with 
other diseases and healthy individuals (n = 140). 
Figure 1 Receiver operating characteristic (ROC) curve modeling the candidate CRC 
biomarkers’ (CEA, TFRC, MIF, OPN/SPP1 and CA242) probability of colorectal 
cancer detection. Data included are from colorectal cancers versus controls for individual 
biomarkers (n = 140). The x axis is 1-specificity and the y axis is sensitivity. The purple line 
represents the combination of all five markers with maximum sensitivity and specificity of 
56% and 90%, respectively. The area under the ROC curve (AUC) signifies the accuracy of 
each of the individual as well as the combined biomarkers for distinguishing colorectal 
cancers. The AUCs ranged from 0.658-0.731. The dotted black line represents the point of 
90% specificity and relationship is indicated by color. 
The adenoma patients were included in the study since surgical excising of adenomas has 
previously demonstrated a decrease in the incidence of CRC and thereby an increase in 
survival of screened individuals compared to non-screened individuals [27]. Except for NSE 
(P = 0.0240) and MIF (P = 0.040), none of the markers were able to discriminate between the 
control groups (healthy individuals and patients with other diseases) and the adenoma 
patients in the univariate analysis (Table 2). Furthermore, for the adenoma group NSE was 
the only marker which was not associated with the other markers and hence we could not 
investigate any additive effect of potential adenoma-specific markers. 
Statistical evaluation of potential early-stage CRC biomarkers 
The alterations of cancer biomarkers are often correlated to increase in tumor size and stage 
[13,28]. Hence, we investigated the interesting markers when including only early-stage CRC 
patients. We applied our discrimination model to early-stage CRC by only including CRC 
TNM I-II patient and biomarker data. This demonstrated that three of the five CRC 
biomarkers could identify early-stage CRC (n = 36) from the controls (n = 36) in each control 
set; CEA (P = 0.0007), TFRC (P = 0.0303) and CA242 (P = 0.0311) (Table 2). Their 
combined performance was evaluated by plotting a ROC curve of the output of these three 
identifiers. The AUC is 0.69 for CA242, 0.68 for TRF and 0.80 for CEA, whereas the 
combined ROC curve demonstrated that the combination of the three biomarkers resulted in 
an AUC of 0.82 (Figure 2). Combinations of the three biomarkers showed 53% sensitivity at 
90% specificity. 
Figure 2 Receiver operating characteristic (ROC) curve modeling the probability of 
colorectal cancer detection by CEA, TFRC and CA242. Data from colorectal cancer stage 
TNM I-II versus matched controls were included in the statistical calculation (n = 72). The x 
axis is 1-specificity and the y axis is sensitivity. The red line represents the combination of all 
three markers with maximum sensitivity and specificity of 53% and 90%, respectively. The 
area under the ROC curve (AUC) signifies the accuracy of the three combined biomarkers for 
distinguishing colorectal cancers (TNM I-II). The area under the curve was 0.861. The dotted 
black line represents the point of 90% specificity. 
Functional analyses in silico 
Functional analyses identified the biological functions and diseases that the four biomarkers, 
CEA, TFRC, MIF and OPN/SPP1, were most significantly associated with. CA242 was not 
included in the analysis since it is defined as a blood-group antigen [29] and it was not 
registered in the IPA library (Ingenuity® Systems, www.ingenuity.com). By performing 
canonical pathways analysis we identified the pathways from the IPA library that were most 
significant to the four biomarkers: Eumelanin Biosynthesis (MIF), MIF-mediated 
Glucocorticoid Regulation (MIF), MIF Regulation of Innate Immunity (MIF), Role of Oct4 
in Mammalian Embryonic Stem Cell Pluripotency (OPN/SPP1) and VDR/RXR Activation 
(OPN/SPP1). The pathway analysis demonstrated no common pathways between any of the 
four biomarkers. The functional network analysis demonstrated that all four biomarkers were 
found in the network “Organ Morphology, Cardiovascular Disease, Cellular Development” 
which is illustrated in Figure 3. 
Figure 3 Graphical representation of the molecular relationships among the candidate 
CRC biomarkers identified in human plasma; CEA, TFRC, MIF and OPN/SPP1. The 
top associated network was the Organ Morphology, Cardiovascular Disease, Cellular 
Development network. Molecule types have their background highlighted as described in the 
blue box. Edges with dashed lines show indirect interaction, while an unbroken line 
represents direct interactions. Molecules in uncolored notes were integrated into the 
computationally generated networks on the basis of the evidence stored in the IPA knowledge 
memory indicating a relevance to this network. 
Assay exportation, implementation and validation 
The portability of PEA among independent laboratories was obtained successfully. Linearity 
of signal, sensitivity and specificity were investigated for eight assays in buffer with spike-in 
recombinant protein and demonstrated linear ranges of 3–4 orders of magnitude, sensitivity in 
a range of 1–10 pM and high specificity for all assays, except for the s100A8 assay, which 
demonstrated a high background level (Figure 4). All assays had a low background level in 
chicken plasma, demonstrating that no unspecific binding as well as no stickiness to the 
biological components of chicken plasma was present for the antibodies and oligonucleotides 
of the PEAs (Additional file 1: Figure S1). The CV% was calculated for GFP by linearizing 
the logarithmic raw Cp values and then calculating the average and standard deviation. For 
intra-assay variation determinations, 15 different experiments were performed with eight 
measurements in each. The CV% ranged from 9.0-31.5; median CV% = 16.9 and average 
CV% = 17.6. The inter-assay variation was calculated among the 15 experiments and the 
CV% was found to be 34.3 (n = 144). Linearity in plasma was assessed in order to evaluate if 
the measurement of each biomarker was within the linear range of the specific assay. All 
assays with proximity probes available demonstrated an acceptable linear range in human 
plasma (Additional file 1: Figure S2). However, the linear ranges of s100A8 and TGFb1 
show high background level and hence a lower linear range. The ideal plasma dilution for the 
CRC sample was shown to be a factor of 10, as this was within the linear range of the 11 
biomarker assays tested. Unfortunately, the TIMP-1 assay was excluded from these 
experiments due to a contamination of the TIMP-1 probes. Recovery was assessed in human 
control plasma for the nine assays with antigens available for the experiment, the recovery 
ranged from 58-129% between assays (Additional file 1: Table S3). 
Figure 4 Dose–response and technical specificity for candidate biomarkers. Technical 
specificity is assessed by comparing standard curves prepared from a serial dilution of 
antigen mixes with (specific) or without (unspecific) the specific antigen present. These 
different solution mixes are PBS + 0.1% BSA ± antigen (Additional file 1: Table S4). The x-
axis shows the antigen concentrations in the different mixes. The y-axis shows Cp-values, 
which were normalized to the internal control GFP by subtracting each biomarker value from 
the GFP-value for this sample. As indicated, each assay was tested by three different specific 
antigen mixes and a single unspecific antigen mix, which indicate the background of the 
assay. 
Discussion 
The present study demonstrates that the novel multiplex PEA assay is suitable to identify 
potential plasma biomarkers for detection of CRC. Forming a biomarker panel consisting of 
plasma CEA, TFRC, MIF, OPN/SPP1 and CA242 could represent a biomarker test for 
detection of CRC in symptomatic individuals. Of particular interest is the observation that the 
plasma levels of CEA, TFRC and CA242 were identifiers of early-stage CRC, suggesting that 
the panel holds potential as an early detection method of CRC. However, future studies 
including asymptomatic individuals as well as patients with other diseases, including other 
cancer types, are needed to test this hypothesis. We also investigated plasma obtained from 
adenoma patients in order to search for a precancerous biomarker, but unfortunately no 
adenoma-specific biomarkers with sufficient statistical significance could be identified. 
Among symptomatic individuals the five CRC biomarkers identified were shown to detect 
CRC patients with a sensitivity of 56% at a specificity of 90% (Figure 1). Furthermore, 
functional in silico analyses showed that the four biomarker proteins are involved in different 
pathways, which supports their lack of association and their individual contribution to the 
additive effect of the panel. These four biomarkers did not have any direct interactions, yet all 
had interactions with TGFβ1, indicating some common functional character. The most 
significant associated diseases and disorders associated with the four biomarkers were 
inflammatory response (CEA, MIF, OPN/SPP1), cancer (all four), gastrointestinal disease (all 
four), cardiovascular disease (MIF, OPN/SPP1, TFRC) and infectious disease (MIF, 
OPN/SPP1, TFRC), supporting that these biomarkers have a biological role in CRC. The 
three early-stage CRC biomarkers were shown to identify stage I and II CRC patients with a 
sensitivity of 53% at 90% specificity (Figure 2). In asymptomatic individuals, the sensitivities 
of the FOBT range from 40-90% at specificities ranging from 85-90% [8], but the sensitivity 
is highly affected by the low compliance for faeces tests [7,30]. Nevertheless, it has been 
shown that CRC screening by the FOBT reduces mortality from CRC by 15-21% [6,31,32] 
and that CRC screening in general increases the number of patients detected with early-stage 
disease [33]. Measurements of SEPT9 methylated DNA in serum of asymptomatic 
individuals have recently been shown to identify CRC patients with a sensitivity of 67% at 
89% specificity [11]. The performance of our biomarker panel is thus within the ranges of the 
FOBT and almost within the ranges of the SEPT9 test, although a direct comparison between 
asymptomatic and symptomatic individuals may be inaccurate. Furthermore, like the SEPT9 
test, our biomarker panel has the advantage of being a simple blood test and thus the 
compliance will most probably be high. It should be noted, however, that our results are 
obtained from analysis of symptomatic patients prior to endoscopy. Initiating a validation 
study in an asymptomatic population-based cohort might result in altered sensitivity and 
specificity performance as well as an altered compliance. 
To obtain further information about the value of our biomarker panel as identifier of early-
stage CRC we compared the analysis of CRC TNM stage I-II with their matching control 
groups (healthy individuals, other diseases and adenoma patients). We found three positive 
identifiers; TFRC, CEA and CA242 with known biological roles and previous associations to 
cancer. TFRC has an important role in the inflammation process and it has also been 
described as being specific for tumor cell proliferation as it provides high iron uptake 
required for cell division [34,35]. CEA is a glycoprotein and a well-known CRC monitoring 
marker [19,36] suggested to mediate cell-cell adhesion, maintain the bacterial environment of 
the intestine and protect the colon from infectious microorganisms [36]. Lastly, CA242 is a 
blood-group antigen defined by the monoclonal antibody C242 and it has also previously 
been described as a potential CRC biomarker [37]. The adenoma patients were included in 
the study as it would be an advantage to include adenoma biomarkers in a potential screening 
panel. However, only NSE was a significant identifier of adenoma, but it did not demonstrate 
any impact in the ROC analysis. The low success rate of adenoma biomarkers could be a 
consequence of our initial literature search from which the 74 proteins were initially chosen 
as the search was focused on CRC biomarkers. 
A challenge of both adenoma and early-cancer serological markers is the concentration of 
each analyte which needs to be of a sufficient level in the blood before it is theoretically 
possible to measure it [38]. From the literature we know that CEA is increased in tumor 
tissue [39], that the MIF (Hs.407995) is up-regulated in colorectal carcinomas [40], that OPN 
is significantly higher in CRC tumor tissue compared to normal tissue [41] and that TFRC is 
higher in tumor tissue compared to normal mucosa [42]. The tumor tissue level of CA242 is 
not well established. Searching for detection markers in the early CRC stages when the tumor 
is minor or in the adenomateous lesions it has been argued that the production of protein 
markers is not sufficient to make an imprint in the systemic circulation [42]. This could be a 
potential pitfall for discovery of biomarkers, especially for the early stage CRC and the 
adenomateous lesions, as one would expect less activity from these. However, to take one 
example, the TIMP-1 plasma level has been described by several authors to be elevated in 
CRC patients. In most of these studies it was found that stage I, II and III CRC patients had 
the same degree of TIMP-1 elevation as compared to non-neoplastic individuals and thus the 
plasma level was not related to tumor burden [43]. In the present study we were able to 
statistically point out discriminators of both CRC stage I-II and all stage CRC in plasma 
suggesting that it is possible to develop serological screening markers for CRC. The origin of 
these markers is unknown and could be derived from the tumor microenvironment rather than 
the tumor itself. This question needs yet to be answered and it would be interesting to 
compare the tumor tissue level with the serological level of each of the identified CRC 
biomarkers. 
Conclusions 
Survival after CRC is currently being improved by screening, but improvement of detection 
methods for early stage CRC is needed. Such methods should be easy to perform, have high 
sensitivity, high specificity and high compliance and be inexpensive. Since CRC is a 
heterogeneous disease it could be an option, as indicated in the present study, to combine 
different screening tests in order to obtain a high test performance. Consequently, 
implementation of a sensitive and specific serological screening test could be of great 
importance as an add-on to the FOBT or SEPT9. In that regard it could be an advantage that 
the test platforms are run on the same specimen in order to simplify sample collection and 
maintain high compliance. Interestingly, proximity assays may be applied for analysis of 
stool samples [44] and saliva (unpublished observations) which could add further to the 
usability of this assay in CRC biomarker research. 
In summary, five plasma protein biomarkers were identified by the novel multiplex PEA 
assay as potential CRC discriminators and three of these were additionally found to be 
discriminators of early-stage CRC. The performance of our biomarker panel in symptomatic 
individuals was within the range of sensitivity and specificity seen for asymptomatic 
individuals applying the FOBT and the performance of the SEPT9 test. PEA assays of the 
five identified protein biomarkers have been thoroughly validated. However, analyses in a 
new independent and larger sample cohort of asymptomatic individuals are needed in order to 
further validate the performances of our CRC biomarker panel. 
Abbreviations 
CA19-9, Cancer antigen 19–9; CA242, Cancer antigen 242; Ab, Antibody; Ag, Antigen; 
AUC, Area under the curve; CEA, Carcinoembryonic antigen; CI, Confidence interval; Ct, 
Cycle threshold; CV, Cefficient of variation; FOBT, Faecal occult blood test; GFP, Green 
fluorescent protein; IL-8, Interleukin-8; mAb, Monoclonal antibody; MIF, Macrophage 
migration inhibitory factor; nt, Nucleotides; OPN/SPP1, Osteopontin; OR, Odds ratio; pAb, 
Polyclonal antibody; PEA, Proximity extension assay; PLA, Proximity ligation assay; ROC, 
Receiver operating characteristic; RT, Room temperature; SEPT9, Septin 9; sDNA, Stool 
DNA; SOP, Standard operating procedure; TFRC, Transferrin Receptor-1. 
Competing interests 
M.L., E.A, A.V. and S.F. are employees at Olink Bioscience AB owner of intellectual 
property on the proximity ligation assay. 
Authors’ contributions 
EA, JS, SF, AV, HJN and NB conceived the study and coordinated activities. HJN collected 
all samples and information on the patients. ML, SBT, SLCT, BSN, SF and EA established, 
optimized, validated and performed the proximity assays. MK and NG optimized the 
conjugation step in the probe preparation process. IJC performed all statistical analyses. SBT, 
NB, and JS drafted the manuscript. All authors read and approved the final manuscript. 
Authors’ information 
Stine Buch Thorsen and Martin Lundberg: Shared authorship. 
Jan Stenvang and Erika Assarsson Shared senior authorship. 
Acknowledgements 
This work was funded by the EU FP7-Health-2007-B under the PROACTIVE project, 
VINNOVA within the Forska&Väx programme, The Kathrine and Vigo Skovgaard 
Foundation, Danish Cancer Society, The Kornerup Foundation, The Aage and Johanne 
Louis-Hansen Foundation, The Aase and Ejnar Danielsen Foundation, The Henrik Henriksen 
Foundation, The Walter and Kristiane Christensen Foundation, The Oda and Hans 
Svenningsen Foundation, The “Midtjyske Bladfond”, The Beckett-Foundation, The Einar 
Willumsen Foundation, The Hede-Nielsen Family Foundation, The Bechgaard Foundation, 
The Grønbech-Olsen Foundation, The Sophus and Astrid Jacobsen Foundation, The KID 
Foundation, The Obel Family Foundation, The Sven and Ina Hansen Foundation, The Torben 
and Astrid Frimodt Foundation, and The Willy and Ingeborg Reinhard Foundation. 
Furthermore, The Danish Endoscopy Study Group is acknowledged for providing the plasma 
sample material. 
References 
1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D: Global cancer statistics. CA 
Cancer J Clin 2011, 61:69–90. 
2. Schoen RE, Pinsky PF, Weissfeld JL, Yokochi LA, Church T, Laiyemo AO, et al: 
Colorectal-cancer incidence and mortality with screening flexible sigmoidoscopy. N Engl 
J Med 2012, 366:2345–2357. 
3. Segnan N, Armaroli P, Bonelli L, Risio M, Sciallero S, Zappa M, et al: Once-only 
sigmoidoscopy in colorectal cancer screening: follow-up findings of the Italian 
Randomized Controlled Trial–SCORE. J Natl Cancer Inst 2011, 103:1310–1322. 
4. Hardcastle JD, Chamberlain JO, Robinson MH, Moss SM, Amar SS, Balfour TW, et al: 
Randomised controlled trial of faecal-occult-blood screening for colorectal cancer. 
Lancet 1996, 348:1472–1477. 
5. Mandel JS, Bond JH, Church TR, Snover DC, Bradley GM, Schuman LM, et al: Reducing 
mortality from colorectal cancer by screening for fecal occult blood. Minnesota Colon 
Cancer Control Study. N Engl J Med 1993, 328:1365–1371. 
6. Kronborg O, Fenger C, Olsen J, Jorgensen OD, Sondergaard O: Randomised study of 
screening for colorectal cancer with faecal-occult-blood test. Lancet 1996, 348:1467–
1471. 
7. Bretthauer M: Evidence for colorectal cancer screening. Best Pract Res Clin 
Gastroenterol 2010, 24:417–425. 
8. Nielsen HJ, Jakobsen KV, Christensen IJ, Brunner N: Screening for colorectal cancer: 
possible improvements by risk assessment evaluation? Scand J Gastroenterol 2011, 
46:1283–1294. 
9. Sundhedsstyrelsen: Screening for tarmkræft - deltagelsesprocentens betydning. 
http://www.sst.dk/publ/Publ2008/MTV/screening_tarmkraeft/MTV_tarmkraeft_net_final_ver
sion2.pdf . 1-10-2008. Ref Type: Online Source. 
10. Nielsen HJ, Brunner N, Jorgensen LN, Olsen J, Rahr HB, Thygesen K, et al: Plasma 
TIMP-1 and CEA in detection of primary colorectal cancer: a prospective, population 
based study of 4509 high-risk individuals. Scand J Gastroenterol 2011, 46:60–69. 
11. Warren JD, Xiong W, Bunker AM, Vaughn CP, Furtado LV, Roberts WL, et al: Septin 9 
methylated DNA is a sensitive and specific blood test for colorectal cancer. BMC Med 
2011, 9:133. 
12. Hanash S: A call for a fresh new look at the plasma proteome. Proteomics Clin Appl 
2012, 6:443–6. 
13. Anderson NL, Anderson NG: The human plasma proteome: history, character, and 
diagnostic prospects. Mol Cell Proteomics 2002, 1:845–867. 
14. Hayes DF, Bast RC, Desch CE, Fritsche H Jr, Kemeny NE, Jessup JM, et al: Tumor 
marker utility grading system: a framework to evaluate clinical utility of tumor 
markers. J Natl Cancer Inst 1996, 88:1456–1466. 
15. Altman DG, McShane LM, Sauerbrei W, Taube SE: Reporting Recommendations for 
Tumor Marker Prognostic Studies (REMARK): Explanation and Elaboration. PLoS 
Med 2012, 9:e1001216. 
16. Mor G, Visintin I, Lai Y, Zhao H, Schwartz P, Rutherford T, et al: Serum protein 
markers for early detection of ovarian cancer. Proc Natl Acad Sci U S A 2005, 102:7677–
7682. 
17. Xiao T, Ying W, Li L, Hu Z, Ma Y, Jiao L, et al: An approach to studying lung cancer-
related proteins in human blood. Mol Cell Proteomics 2005, 4:1480–1486. 
18. Brand RE, Nolen BM, Zeh HJ, Allen PJ, Eloubeidi MA, Goldberg M, et al: Serum 
biomarker panels for the detection of pancreatic cancer. Clin Cancer Res 2011, 17:805–
816. 
19. Lundberg M, Eriksson A, Tran B, Assarsson E, Fredriksson S: Homogeneous antibody-
based proximity extension assays provide sensitive and specific detection of low-
abundant proteins in human blood. Nucleic Acids Res 2011, 39:e102. 
20. Nielsen HJ, Brunner N, Frederiksen C, Lomholt AF, King D, Jorgensen LN, et al: 
Plasma tissue inhibitor of metalloproteinases-1 (TIMP-1): a novel biological marker in 
the detection of primary colorectal cancer. Protocol outlines of the Danish-Australian 
endoscopy study group on colorectal cancer detection. Scand J Gastroenterol 2008, 
43:242–248. 
21. Wurtz SO, Moller S, Mouridsen H, Hertel PB, Friis E, Brunner N: Plasma and serum 
levels of tissue inhibitor of metalloproteinases-1 are associated with prognosis in node-
negative breast cancer: a prospective study. Mol Cell Proteomics 2008, 7:424–430. 
22. Holten-Andersen MN, Schrohl AS, Brunner N, Nielsen HJ, Hogdall CK, Hogdall EV: 
Evaluation of sample handling in relation to levels of tissue inhibitor of 
metalloproteinases-1 measured in blood by immunoassay. Int J Biol Markers 2003, 
18:170–176. 
23. Schrohl AS, Wurtz S, Kohn E, Banks RE, Nielsen HJ, Sweep FC, et al: Banking of 
biological fluids for studies of disease-associated protein biomarkers. Mol Cell 
Proteomics 2008, 7:2061–2066. 
24. Gao YC, Yuan ZB, Yang YD, Lu HK: Effect of freeze-thaw cycles on serum 
measurements of AFP, CEA, CA125 and CA19-9. Scand J Clin Lab Invest 2007, 67:741–
747. 
25. Lundberg M, Thorsen SB, Assarsson E, Villablanca A, Tran B, Gee N, et al: Multiplexed 
homogeneous proximity ligation assays for high-throughput protein biomarker research 
in serological material. Mol Cell Proteomics 2011, 10:M110. 
26. Holten-Andersen MN, Murphy G, Nielsen HJ, Pedersen AN, Christensen IJ, Hoyer-
Hansen G, et al: Quantitation of TIMP-1 in plasma of healthy blood donors and patients 
with advanced cancer. Br J Cancer 1999, 80:495–503. 
27. Manser CN, Bachmann LM, Brunner J, Hunold F, Bauerfeind P, Marbet UA: 
Colonoscopy screening markedly reduces the occurrence of colon carcinomas and 
carcinoma-related death: a closed cohort study. Gastrointest Endosc 2012, 76:110–117. 
28. Pritzker KP: Cancer biomarkers: easier said than done. Clin Chem 2002, 48:1147–
1150. 
29. Kawa S, Tokoo M, Hasebe O, Hayashi K, Imai H, Oguchi H, et al: Comparative study 
of CA242 and CA19-9 for the diagnosis of pancreatic cancer. Br J Cancer 1994, 70:481–
486. 
30. Vernon SW: Participation in colorectal cancer screening: a review. J Natl Cancer Inst 
1997, 89:1406–1422. 
31. Hewitson P, Glasziou P, Watson E, Towler B, Irwig L: Cochrane systematic review of 
colorectal cancer screening using the fecal occult blood test (hemoccult): an update. Am 
J Gastroenterol 2008, 103:1541–1549. 
32. Jorgensen OD, Kronborg O, Fenger C: A randomised study of screening for colorectal 
cancer using faecal occult blood testing: results after 13 years and seven biennial 
screening rounds. Gut 2002, 50:29–32. 
33. Sanford KW, McPherson RA: Fecal occult blood testing. Clin Lab Med 2009, 29:523–
541. 
34. Macedo MF, De SM: Transferrin and the transferrin receptor: of magic bullets and 
other concerns. Inflamm Allergy Drug Targets 2008, 7:41–52. 
35. Jones DT, Trowbridge IS, Harris AL: Effects of transferrin receptor blockade on 
cancer cell proliferation and hypoxia-inducible factor function and their differential 
regulation by ascorbate. Cancer Res 2006, 66:2749–2756. 
36. Hammarstrom S: The carcinoembryonic antigen (CEA) family: structures, suggested 
functions and expression in normal and malignant tissues. Semin Cancer Biol 1999, 9:67–
81. 
37. Yang XQ, Chen C, Hou JX, Peng CW, Huang CQ, Li Y: Preoperative serum 
carbohydrate antigen 242 is a useful predictive and prognostic marker in colorectal 
cancer. Hepatogastroenterology 2011, 58:377–382. 
38. Hori SS, Gambhir SS: Mathematical model identifies blood biomarker-based early 
cancer detection strategies and limitations. Sci Transl Med 2011, 3:109–116. 
39. Saeland E, Belo AI, Mongera S, Van DI, Meijer GA, Van KY: Differential glycosylation 
of MUC1 and CEACAM5 between normal mucosa and tumour tissue of colon cancer 
patients. Int J Cancer 2012, 131:117–128. 
40. Lee H, Rhee H, Kang HJ, Kim HS, Min BS, Kim NK, et al: Macrophage migration 
inhibitory factor may be used as an early diagnostic marker in colorectal carcinomas. 
Am J Clin Pathol 2008, 129:772–779. 
41. Likui W, Hong W, Shuwen Z: Clinical significance of the upregulated osteopontin 
mRNA expression in human colorectal cancer. J Gastrointest Surg 2010, 14:74–81. 
42. Prutki M, Poljak-Blazi M, Jakopovic M, Tomas D, Stipancic I, Zarkovic N: Altered iron 
metabolism, transferrin receptor 1 and ferritin in patients with colon cancer. Cancer 
Lett 2006, 238:188–196. 
43. Holten-Andersen MN, Stephens RW, Nielsen HJ, Murphy G, Christensen IJ, Stetler-
Stevenson W, et al: High preoperative plasma tissue inhibitor of metalloproteinase-1 
levels are associated with short survival of patients with colorectal cancer. Clin Cancer 
Res 2000, 6:4292–4299. 
44. Gustafsdottir SM, Nordengrahn A, Fredriksson S, Wallgren P, Rivera E, Schallmeiner E, 
et al: Detection of individual microbial pathogens by proximity ligation. Clin Chem 2006, 
52:1152–1160. 
Additional file 
Additional_file_1 as PDF 
Additional file 1 Figure S1. Specificity test in chicken plasma. Figure S2. Linearity in 
human CRC plasma (n = 1). Table S1. All 74 biomarkers and controls divided into panel. 
Table S2. Oligonucleotide and qPCR primer sequence design. List of 3′ and 5′ 
oligonucleotide sequences used for antibody conjugations forming PEA probes along with 
hybridization oligonucleotide, extension oligo and primer sequences for pre-amplification 
and quantitative real-time PCR. Table S3. Recovery (%) for nine of the PEA assays after 
technology transfer. Table S4. Antigen mixes. Table S5. Correlation Coefficients between 
ELISA/PLA and ELISA/PEA. Table S6. PLA- and PEA correlations. Table S7. Intra-
variation. 




Additional files provided with this submission:
Additional file 1: 8616932831032095_add1.pdf, 427K
http://www.translational-medicine.com/imedia/8614489181103296/supp1.pdf
